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EXPERIMENTAL STUDIES OF PHOTON4$URFACE INTERACTION DYNAMICS IN THE ALKAL1 HALIDES

Richard F. Haglund, Jr. and Norman H. Tolk
Dcpartmcm of Physics and Astronomy

Vanderbilt University, Nashville, TN 37235

Abstract

We dcscribc recent nrcasurcmentswhich have provided, in unpreccdcntcd detail, insights into the electronic mechanisms through which
energy carried into a material by photon irradiation is absorbed, Iocah%d and rechanneled toproduce dcsorption, surface modification,
erosion and damage, The specificobject of thesestudieshas been desoqmon mduccd by electronic transitions in alkali halide c~stals, with
pwticular emphasis on the dynamics of changes in the surface and near-surface regions. In our exfmimcnts, the irradiating ultraviolet

fphotons arc provided by a synchrotronsstorage ring, and the dynamical information about resorption products is obtained mm optical
mcasuremcn(s of the quantum states,yields and vcloclty distributions Of ncwd ground-state and excite-d-state atoms ejected from the
surfisceof the imadiating matcnal These studi:s have shown that the do~pant exit.channels in photon-induced particle emission arc those
producing ground-state andexcikxl-state ruuwal aloms. Using dywmcal mformatlorl about these dcsorbing neutral cpccics, obtained, for
example, by Iascr.induced fluorescenceand laser Doppler spectroscopy, wc arc gcrwrating an increasingly comprehensive picture of the
dynamics of electronic energy flow into and wt of pure crystalline surfaces in these rototypica! dielectrics. We arc also beginning to k
able to rclatr dcsorptiondynamicsto specificmaterials propcrlies, and to discriminate L twccn pure surface and near-surface effects in these
m~tcrials, Applications of these techniquesto the p~oblem of photon-induced sutfacc damage and to analysis of surface dynamics in
dielectric materials arc discussed,and the rcla(ionshlps between these nearly ideal model materials and the non-crystalline, covalently
bonded mwerials more typical of real oplical clcmcntsare pointed out

Introduction

The burgeoning dcvclrrpmcntof ultraviolet and soft x-ray light
sources is confronting optical designers with unprecedented
problems rcsulling from ma[cnals modification and damage under
Irradiation by short wavelength pholons, Notwithstanding the
gravity of the problems, however, thcrt existsat prcscnl only the
most rudimentary understandingof the fundamental mechanisms
by which UV. and X-ray.induced surface modifications come
about, Moreover, the expcricncc of the past two decades in
high. power laser modifica:imr and damage to optical materials

K’
rovidcs practically no guidance in [he present circumstances,
ccausc mosl if not all of the changes to materials induced by

ultraviolet and shorter wavelengthsarccausedby electronic ralher
than thermal mcctumismsl

Motivalcd by the recent discovery thal the dominant products
of resorption induced by electronic transitions (DIET) in Iilc
alkali nulidcs arc neutral ato)rr! and molcculcs, wc have been

rrobing the a[ornic. scale dynamics of cncr~y absorption,
Ocallza[imsand redistribution m dielectric rmucrials;ubjcckxi to

ultraviolet photon hornbardmen[, Wr have recently id. utified, for
example, the s ecific cxcikmic mechanism which leads to

rdcsorplion of al ali mclal aloms from the surfncc of pure alkali
halldc crystals, WC hnvc also been able 10 corrclatc the
dcsorption process wi~h changes in surfacecomposition, and arc
bcginnin~ to nmtch thc$ccomposiliunul changesto altcrnticrncof
gcornctrlcal and clcctrorric slruclure in tht surfncc and
near.surface bulk of these materials in their purecrysldlinc form,
Most irnportanlly, however, wc have also been able to rclatr
suhccptibility to electronically induced dcsorptirm w ccrtnin
generic properties of mntcriult, Thmc wopcrtics-. notnbly, the

Iability 10 support the formation of SCI -trap~d excitons which
rtlax inm pcrmancnl, mobile electronicdcfrch -- art contmon 10
many materials encounlcrcd In typical ultraviolet and soft X-ray
opllcal clcmcntn, includirlg Ihc alknli halldcs, alkaline earth
hrilidcs, a number of mctnl oxides, and futcd silica,

‘llus tl!csc capcrimcn!r.1 studicn, allowinc AStl,ry do the
dctallcd idcn!ificallon of the quantum states and d namical

{churacterislics of parliclc$ lcav~ng Ihc turfacc of an tradiatcrf
mnlcnai, arc ylcldtng an Incrrntlngly Crrmprehcn!dvcph-lure of
the clcctro,llc nlcchnnl~nlswhich oimntc to ptwlucc dcsotplion,

and ultimately to matcnal erosion and damage in many optical
materials. In this sense,the apparently rcst;ctcd focus on alkali
halides actually provides the kind of broadly useful picture onc
should cx ct from detailed studies of model materials, In

raddition, t c variegated techniquesof neutral.species dcsorption
spectroscopy dcvclopcd in this work may be applied not only
dynamical studiesof photon-induced darnagc processes,but also
to detailed spectroscopic and dynamical studies of surfaces as
they arc produced in optical fabrication processes,

In this paper, wc shall conccntrstte primarily on rcccnl
experimental resuhs of laser-synchrotlon experiments ifl which
the detailed mcchnnismsof photon.siimulatcd dcsorption (l>S1))
have been elucidated b means of techniques borrowed from
atomic spectroscopy, 4 e shall show that it is

r
ssiblc, using

this class of cxpcrirncntal techniques, to identify csorbin~ atoms
and molecule- from their chantc[cristic spectral line radiation and
to obtain dctallcd information on the photon.energy thresholds,
time dependence, and velocity distributions of the dcsorbcd
particlck, The effects of materials pro rties, such as defect

rmohilitics, can bc correlated with cur ace modification and
damnge l~ychan~ing xiwnplcpropertiessuch stsIcrnpcraturc, “flis
dc[nilcd char~ctcrixa[ion of the resorption dyntmics allows, in
turn, the testing of specific models of electronic excitation
mechanisms Icuding to dcswplion and hence [o lhc undcrstatidit}~
of those generic properties which rnnke givrn materials more or
Icss susceptibleto rnodificntion or damage through daorpdon,

As wc shall show, the kcy to DIET dynamics -. and hcncc I)IC

nsm-limitirrg step In surface drsrnngcprocc$fcs -- turns out to be
the efficiency with wt~ich self.trapped cxcitons can form, rclnx
into prrmnnenl clcctronlc dcfcclt, and then rnigratc to nearby
surfaces or lntcrfaccs, Any maler{nl hnving these prttpcrtlm will
undergo chanuct hl the turfacc and near. surface bulk which can
eventually Icad to catnawvphlc change~ under hi h.lntcmlt or

if
prolon cd irradiation by ultraviolet or X.ra p mtons,

f
I“L,

while t !Cspcclfic resultsprc~entcdam derive from ea rhncnti
ron the alkall halldcs, the work IIDS bto~d sppllcablt ly 10 all

malcridt which can abm!h and ttorc Incidcnl clcctronlc encrg
Pand then rclcage It through channels which result n

bond.breaking,



Dcsorplion Induced by Electronic Transitions

For a number of years, ions desorbcd from materials by
energetic ckctron or photon bombardment hzvc been studied to
yield significant information on the mechanisms for bonding and
bond breaking in a variety of materials, In [he early 1960’s, the
work of Mcnzr;l, Gomcr, and Redhead showed that adsorbatcs
on mcttrl surfs,es could bc removed through electronic rather d
thermal transi’ions, and that the detailed dynamics of the process
could bc undf.rs!oodby analyzing velocity distributions and other
typical dynamical features of the dcsorbing particles.’~ The
Mcnzcl-Gomcr-Redhead model of dcsorption from metal surfaces
was based on two-body potcn[ial models typical of gas-phase
chemistry. In[crest in the work was awakened further by the
work of Madey and Yates, showing that the angular distributions
of desorbing ions could provide alomic-scale information on the
bonding characteristics of atoms and molcaslcs either adsork!
on surfaces or actually bound in crystal surfaces,’ In the Iatc
1970’s, Kno[ck and Fcibelmann made a major step forward by
showing that the preferential elo-tronically-induced resorption of
certain s~ics in maximally-covalent covalent solids was rclakd
to the cnhanccd stability of hole pairs produced by deep corc-
ICVCIexcitations of those materials,’ Thus, their work forged a
link bctwccn the propcr[ies of the dcsorbcd species, on the onc
hand, and the detailed material characteristics,on the other,

Thus, by the cmf of the 1970’s, il was clear [hat studies of
electron. and pho[on-stimula{cd resorption (ESD/PSD) provided
important CIUUSto both structural and compositional order in
optical ma[erials. Indeed, in those instances where the structure
or composition could be simply relakd to spcific mechanisms, it
was already pos~iblc to use ion produced in DIET processes to
obtain a limited amount of dynamical information, However,
s[udics of the dynamics of DIET processes reccivcd major
impetus in 1981 with the discovery by Tl>lk and co-workers that
resorption yicld~ in alkali halides overwhelmingly favored
ground-s(a!c and cxcitcd.stale ncu!ral particles, in both ckctron-
and photon. stimulawd dcsorption,$6 nis work simul[ancously
advanced the sludy of DIET dynamics by identifying t.hcmajor
particle dcsorpion channels, as WCII as making it pos~lble to usc
a wide variety of optical techniques borrowed from atomic
spcclr~scopy to study Ihc internal quantum sIrIIcs, velocity
dls(ribulions, angular distributions, and temporal behavior of the
desorbing nculral species,’ Freedom from the constraints of
neutral-spccics mass spcctromctry, wilh its inherent low signal.
m.noise ratio, also rcprescn[cd a miljor s[cp forward froln [hc
standpointof cxpcnmcn(al Icchniquc in DIM’ sludics.

A typical Dll;T cxlwrimcnl using neutral.spccics dcsorplion
spectroscopy, as shown schcrnislicisllyin Figure 1, requires an

0 l)!(’lwh\

- l,\t U41A!tkt,ll(llt}h$
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cxcita~ion courcc, a camplc, and an optical dctccll{,n s) ~ICITl
mangcd to view the radiation from

r
rticlcs dcsorbcd from the

surface, In the cxpcrimcnts to be cscribcd here, the exciting
source was the tunable ultraviolet photon beam from a
synchrotronsstorage ti (the Tantalus nng at the Univemity of
Wisconsin-Madison). ?%e entire experiment was housed in ●

ultrahi h vacuum (UHV) chamber (nominal base pressure
44x101 err), in which the singic+rystal sample was mounted on

a pmision ultrahigh vacuum manipulator. The hoton bcasnwas
i%incident along the surface normal of the (1 ) surface of a

single-crystal alkali halide Mrgct which was ckaved and polished
prior [o its introduction into ths UHV systcm and then ckancd by
heating to 4(KF’ C. The sample tempcmturc was varied by
resistive heating of the copper target holder.

Fluorcsccncc decay signals from desorbirrg ground-state and
excited-state atoms were dctcctcd by a spectromet:r-
photomultiplicr combination arranged to view a small region out
on front of the surface duough an appropriate imaging systc!n.
The location of the focal volume with respectto the target surface
was varied by translating the horizontal axes of the target
manipulator. Fhsomsccncccount rates ranged from a fcw kHz to
a fcw hundred kHz.

One fine-structure component of the first optical resonance
line (589 or 671 nm, rcspcctivcly. for atomic sodium and lithium)
was used to identify the dcsorbmg alkali;. Ground-state neutral
atoms were de[cc[ed from Iaser-induced fluorescence (LIF)
radiation produced by the light from a frequency-stabilized
tunable dye laser, transported to a quarlz entrance window of the
UHV chamber through a single-mode, Polarintion.preserving
optical fiber. To count neutral cxcitcd-state atoms, on the other
hand, the Iascr was tumcd off and the dcsorbin~ atoms were
dctczlcd by setting the spcctromctcrto the characteristic fru-atom
wavelength,

To measure relative dcnsilics of dcsorbing alkalis, the Iascr
was injcctcd parallel to and about 1 cm away from the surface, in
a direction pcrpcndicuhsr both to the incident beam md to the
s~trometcr line-of-sight, For velocity distribution or dcso~tion
tsme histo~ mcasurcmcnts, the Iascr was injcctcd along the rear
surfncc normal of the alkali halide cryslal, anli-parall?l to and
collincssr with the photon bcamt Velocity distrrbulions of the
dcsorbing ground.state atoms were oblalncd by scanning the
Iascr through the Doppler-shifted wavclcng[h band resonantly
absorbed by Ihc alkali atoms.

A number of surface-diaghoslic probes are also a’;ailablc in
the UI{V chamber, including ion scattering spcc[roscopy (ISS)
and low-energy ckctron diffruclion (1.EED). Il)c pcrfornurnccof
Ihc cxpcrimcrrls 10 be dcscribcd here in ul,rahlgh vacuum is
particularly irn wrcsnt bccausc, in comrasl 10 many Iawr.birscd

Imaktiills m(tdi ication studies, these capcrirncnls arc carried out
in an cnvironrnent in which Ihc cormmunants on dle surfiscccan
bc contrullcd and carefully monitored

lhsrly l’Sl) Studies in Alkali Ilnlidcs

lhstly in 1S1)/1’S[) cxpcrimcnt$ on alkali halide crystal~, it wtr~
discovered that dcsorbcd alkali aloms were radiating as free

1
>articlcs out in front of Ihc surface at Ihcy flew away from it,
‘iflurc 2 &hnwt typical qwctra for pl!olt)n.~litt~ulntctl dcsorptinn

of neutral Iilhiurn and nc.utrsslnodium cjcctcd frurn the surfnccsof
Lil: (Iowcr spectrum) and NaC3 (up wr tpccttum), rcs!wctivcly,
In the fi~urc onc sccs vcr clcnrly t IC broadbnnd Iurnlncsccncc

0from the near.twfacc bul of Ihc ssrmplc,with a shrrrptpikc O(
line radinlion tirtttl on Ihc broiid cominuum l“hin Iinc rusflrrlion

Fwan quickly Mcnti icd as the I.i and Na D lines, and nubscqucn[
tmdic! hssvcshown that nl low photon or electton cnrrcits, (Iw
cxcllcd specks crnitting Ihls chnractctis(icIinc rudirnlionalc In fncl
crerslcdIn the electronic dc?mr~ltionprorcsx, and rmt h, gas phnw



:’ u)

intcmctions with the primary radiation. It has been possible in
subsequent PSD and ESD cxpcrimcnls to identify a wide variely
of atomic and molecular species desorbcd by photon impact,
including H, OH, and a radiation from 8 molecular species
(possibly CN-) bound to the surface as a hindered rotor~ Thrrs,
as we shall see from the experimental results presented below,
ncutrisl-spccicsdcsorption spectroscopy rovidca a rich variety of

J’information on particles leaving the su ace. ~is information is
sufficient in many cases to determine precisely the channel ,
Ihrough which incident photon energy is adsorbed, Iocalizcd in
space and lime, and redisuibutcd to neutral-particle dcsorption
channels.

,O.xk!!d
Z&r 400 606— 606

WAVELENGTH(n~)

Ficurf 2, Fluoresccrwt yield as a function of srrectrometer
wuvcltngl)t jor PSP from”LiF (uppc~ curve) arid h’aCl (lower
curve) i ht incident uv photons span the complete “white”
spectrum of a synchrotrons light source, From Ref, 6,

Anolhcr key rc$ull from the earl 1’S1] cx nmenls on alknli
rrturlidcswas lhc discovery thrttevent ICexcite -Wile neutral yields

virsIly exceeded the ion yields, rigure 3 shows a compnri$on of
Ii’ fluorescence yields (lop spectrum) Ll+ Ion yields (middle
spectrum) from pho[on.stimulated dcmptlon of LiF, and the I.if:
optical absorption as I function of uv photon energy (bottom
spcctrurn), All three spcctrh show the Influence of the I K
tort.level e~cilnlion around t31cV, hrdicaling the formaliorrof an
intcrmcdialc cxcikmic stale whoa? prcclse nature it c1 to bc

iclarifkd. The most important feature of these c,wctra, owever,
ii Ihc fact that the yield of excited neutral atoms cxcotds the yield
of L{ Ions by jlvt ordffs o~mognirmle ! Subwquent cxpcrimcnln
in both 1’S[) and MD have shovm that ground.tlatc ncuwrrlalkali
yicldt cxcecd the excited.nta[c yields by an addltlorwl two ordeIs
of magrriludc, driving home lhe lcsRon[hn~ground.slate ncutld
dcsorptiorsit by far the dwninnn[ DIIW proccstt

:

cll-
Wo $bO

M1ON CKno! (WI

Figure 3. (a) Fluorescence jield oj Li’ desorbed jrom tiF by
Id!raviolet photon irradiat~on, as a ~unction OJincident photon
,vt.crgy, (b) Yield of Li+ &sorbed from LiF by ultraviolet photon
irradiation, taken under the same conditions as the spectrum in
(a), (c) Photon absorption cocficient oflJF. The scale factor
berwecn (a) and(b) is approximately 10”S infavor O! the Lie.

Rcccnt Pholon.S[imuhs[cd Dcsorption
Measurcmcrsts in Alkali IIalidcs

We now consider a number of different mcasurcmenls in
which PSD of neutral alkali atoms from alkaii halide crystals was
studied in detail in an atlempl 10understandthe physics at the root
of the dcsorption dynamics, These experiments include yields as
a function of incident photon energy; velocity distributions; time -
rcsolvcd dcsorplion yields; and yields of alkali atoms in the
presence of surface conlamimrnts, In several cases, slrikin~
contras[s can be drawn !Wwcen the dynamical behavior of
ground-stale and cxcilcd.slalc neutrals dcsorbcd by ultraviolet
photon irradiation, Indeed, wc shall scc thal at (his poin[ Vlc
processof ground.ctalc neutral dcsorption appears to be thermal
and to slcm both from surface and near-surface defect diffusion,
The c~citd+alc neutrals, on the olhcr hand, appear to dcri”e
purely from a surface excitation process whose piccisc nalurc is
still under active invcsligntirm,

1’S1) Yield va. PhtJton Energy

Figure 4 Khowsa mcakurement of laser-induced fluorescence
yield as a function of Incident uv photon crier y typical of data

tfor gruund+ntc ncutrai alkali atoms dcsorbed y pholon impact
from an alkali halide, in thit case for NaO from NaCl, ‘1’hc
tcmiwrnlutc of the cryttal was a I woximatcly 3S@Co While the

11curves do have some Wucture w I ch appears at SJIC2P and 2s



core-hole excitation cncrgics of the Na alonl~ 111~1,.LI, WIIIdclwlcd
Nun), it is likely that core excitations are not dircc tIy cot?elatcd
with the dcsorption of NaO. The rationale for this statement is
that the onsetsare “ratherweak and that similar measurements on
other sodium halides (NaBr, Nal $nd NaF) with significantly
different halogen cozc structureschow virtually the same generic
yield Curves.” Hence, it is more likely that these structures result
either from secondary yield-enhancing processessuch as indirect
valcncc-hole excitation due to Auger decay of the Na 2p core
holes, or from strong com

r
titicm between core-hole and

valence-hole excitations as t c increased bombarding energy
opens up new reaction channels. For temperatures in the range
shown, the resorption efficiency is on the order of 103 for each
pho[on striking the sample. -

I

ad No” PSD

T~=350C

-’ JLJ_LJ—l__l_l_
40 60 eO 100 120 140 160

PHOTON ENERGY (eV)

Figttrc 3, Laer-indttccd jluarcscence yield for ground. stotc
noiitrul Na as a function of incident uv photon energy, The
sample war ptwc single.crysml NaC1.

The rclalivcly fcauu-clcssyield vs. photon energy curve for the
ground-stale neutral sodium aloms is a striking contrast ‘[othe
cxcilon.like spectrum for cxciled lithium shown in Figure 3. It
should al~o bc noticed that the dcsor-pion cf~cicncy for the NaO
dots not vary by more than a factor of two over the entire photon
energy range studied.

Velucily I)islributisms

Additional clues 10the fundamental chsractcr of ground-state
neutral dcsorplion dynamics comes from the experimental
delcrmiruttion of velocity dicwibulions as a function clf surface
[empcralurc. The number VS,velocity distribution of the neutral
dcsorbing atoms is given by

drddv - C V2 cxp(.mv2/2kT), (})

where the velocity v is rela~cdto Ihc measured frcqurmcy v of the
cmiucd photonsby the firsbordcr Doppler formula

v - V. [1 + (v/c)cosoj, (2)

I%c pnrumclcrv,, is theccmral frequency for surtionmy awls nnd
0-0 in thegeometry of thesecxpcrimcnu,

In lhc mcasurenrcnls displayed here, the zero-order output of
the soft Xwny monochronum.wwas used as the cncitin bvnm, to

F
Yrovide tultably hi h count ratesrequired for dcconvo ution and

Iltittg of Ihc data, h lis zcto-order beam contains a continuum of
phsmm energies ranging from O to approaimatcty 200 cV, with
rather sharply dccrcming ampliludc at citlwr cnd of that rnnge, In

these measurements, scsnning the laser through the appropriate
fmcpscncymnge provides ● fluorcsccncc signal from ground-sta!c
atoms proportional to the mlativc

r
pulation of those atoms able

to resonantly absorb the laser p otons ●t the Doppler-chifwd
frequency in their rest frarnc.

Figure 5 chow the measured laser-induced fluorescence yield
vs. laser frequency from PSD experiments on various sodium
halide crystals, while Figure 6 shows calculated velocity
distributions for desorbcd sodium atoms at the tcmpcraturc best
fitting the observed data.9 Thc doublet structure in the spectra of
Figure 5 arises from the hypcrfk splitting (1772 MHz) for
sodium D-lines. The velocity distribution is definitely Maxwell-
Boltzmann, as fits to the asymmetric broadening of each
component of the hypcrfh’tc doublet demonstrate. The linearly
increasing diffcrcncc between USCfit tq-turc Tf and the
measured tcmpcraturc Tm (SCCinset) suggestsa systematic cmor,
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Figure 5. Measured j7uorescence spectra as a function of larer
frequency for &sorbing NaOfrom several sodium halides,
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probdbl) d, I. I:;; 11,11:1 i+ Icmpcra[urc gradient between the
thermocouple nmun[ and the crystal surface. Measurements of
PSD yield as a func[icm of surface temperature [not shown here]
also display an Arrhtnius thermal dcsorption characteristic as z
function of increasing surface tcmpcraturc.

Assuming that the fitted temperatures re rcscmtthe actual
fNaCl surface temperature, the dcsorption o NaO seems to be

complc[cly explained by a thermal process; in partirulas, there
was no evidence at all for the existence of a high-velocity, supra-
thcrmal tail in the velocity distribution. Definitive data on th~
vclocily distributions of the cxci[cd state neutrals, such as Na ,
do not exis! yet; however, there is preliminary cvidcncc from
ESD ex rimcnts that those distributions arc probably not
thermal.fi
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Time Dcpcndcnce of PSD Yields

We have also measured the time history of ground-state and
excited-state lithium desorbing from lithium fluoride crystals. In
the case of ground-state lithium (Figure 7), the fluorescence yield
showed an initial sharp drop after the beam was turned off,
followed by a slowly -dczaying emission lasting many sc.conds.

11000

2100P
PSD of LiO from LiF

T = 340°C

Time ( scc )

Fi~l{re 7. Tintc history uf Li” yitdd as a fu,tction of time
joilnwirt~ turning off OJan illuminatin~ white-lilht spectrum of ~
ultraviolet Iiglufrom a synchrotrons storage ring.

For excited-state atoms, time histories were measured by
using the time structure of the synchrotronsbeam to provide a
nanosecond excitation pulse, and routing the fluorescence signals
through a time. to-ampliludc convcrtcr, I“llcsc data, shown in
Fi .6, inr!icalc Ihnl the excited $taw neutral lithium Iums on and

fof with the exciting photon beam. Thus, while the ground-state
dcsorplicm is consistent will! a model in which thermally-driven
diffusion transports radiatirn.induced dtfccts from the near-
surfacc bulk 10 the surface where thermal resorption occura, i 1
cxcitcd-sustc cicsorplion appearsto bc a surface.specific process,
probably involving dircc! excitation of surface stales,

These dam Icad 10conclusions similar to those drawn fmm a
rcccnl tirnc.resolved shrdy of ESD in LiF,12 In lhc caseof PSD,
however, the typical decay times for the LiO yields arc two to
three orders of magnikrdc slower than thosefor ESD -. consistent
wi[h the much grcaler cffectivc range of the photons in LiF. in
fact, model calculations using realistic energy deposition profiles
for electrons and hotcsnsappear 10 bc able to fit both the ESDrsnd PSD dntn wit \ nearly the scmc diffus[on constanm, lending
crcdcncc 10 the piclurc of a mechanism whose rate-limiting
feature h the diffusion time of defects ftom the near-surface bulk
(0 the surface,

Figure 8. Time history of Li* desorbed from LiF by ultraviolet
photon bombardment ( Iop spectrum), with the bulk luminescence
signal and the uv photon beam time spectrum shown for
reference. Tk straighr line across thejigure is the ho resorption
yield, which u essetuially constant on tk nr time scale here.

PSD Threshold Energy Measurements

The data of Fig. 2 indicate a rather broad ran~c of photon
cner$ics over which the alkalis arc dcsorbcd with significant
cfficlcncy from alkali halides by PSD. However, as Townsend
pointed out in his pioneering paper in ESD on alkali halides, ‘3 if
the creation of a self-trapped cxciton is the first step in
electronically stimulated resorption, onc needs only the energy
rcquricd to crcatc the cxciton on the dihalidc molcculc (X” )* to

iinitiate the process (typically a fcw cV). However, near y all
measurements of the sttmulatcd drsorption process to date have
rc.lied on electrons or photons of significantly higher cncrgics
than the few electron volts mandated by this rcquircmcnt.
Moreover, until the dcvclopmcnt of the sensitive optical
techniques ncccssary for tracking neutral resorption, it was not
ncccssasily easy to look for the onsetof resorption yields.

We have rcccntly measuredthe threshold for PSD of LiO from
LiF and found it indeed to bc very low in energy. The PSD
threshold measurements were made with fillers to ascertain the
rciativc yields in different regions of the incident uv photon
cpcctrum. As shown in the bar graph rcprcscntation in FIgurc 9,
the three spcctial bins were from 0-13.2 CV (LiF fllcr), 20-90 CV
(Al fihcr), and 0-200 eV (full zaoth order spectrum transmitted
through the toroidal grating monociwomator ~M) USLX!in, [his
set of measurements), Ttrc relative yields shown in Fi~urc 9 for
the Al and LiF fillers were calibrated by the convolution of the
raw yield with a trapezoidal-rule integration of the measured
responseof a gold pholodiodc to the tuned spectrum of the TGM,
After conccting for the monochromator efficiency, it can bc seen
that come twenty-five cr cen~ of the total neutral yield results

ffrom photons below 1 .2 CV -- the band gap for the LiF filter.
(lrrdccd, the threshold may bc even Iowcr, since this particular
filter showed obvious signs of significant color-ccntcr
formation.) This means that such dcsorption is Iikcly to take
place cWlcicntly cvur at cxcimcrdascr photon cncrgics, perhaps
even without invoking multiphoton transitions.

Th~rc is some uncertainly about the u ~cr-end cutoff of
c“photon energies transmitted through the IF filler, since it

showed signs of significant radiation damage (color ccntcrs)
which would have Iowcmd the cutoff below the nominal value
given by the bandgap energy, However, it is evident that nearly



ImcIIIy.five pi-r cent of the total LiOyield is produced by photons
from the lowest energy bin. The low value O! this neutral
emission threshold is cons%tent with results obtained by Schmid
CIal. almost a dccdde ago using fo~r-photon excitation from a
pulsed ruby laser. ” This is not surprising, since the DIET
mechanism producing ground-state neutrals will bc efficacious
for excitation mlses which arc lonrt comDarcd to the cncrsw

LiF Filter Al Filter “White Light”

hv< 10 eV 20eV<hvc90eV hv<200eV

Figure 9. Relative PSD yields of LrWfrom LiF for Ihe photon-
encrgy ranges indicated.

Effects of Con[aminssnt Overlayers

In some of the earliest ESD expcrimcmts on alkali halides, it

was found that samples cleaved in air and then inserted into the

UHV environment failed 10 show neutral alkali dcsorp[ion until
they had rcccived a significant radiation dose, Thcsc low alkali
yields pmiskd even when the samples were heated to over S@
C under UHV conditions. When detailed spectral scansover the
visible spcct,rumwere taken, it bccamc clear that other spccics,
including H and OH, were dcsorbirsg at grca[er rates than the
alkali metals from the sample. Of particular in[crcst was the fact
that the rcknive yield of excited H atoms to cxcitcd Na atomswas
grcalcr than unity for NaF, but less than unity for NaC1.ls This
indicated clearly that the prcscncc of adsorbed s~cies on the
surfacr affcclcd the substrateyields in some compllca[cd manner
s[ill not fully undersmod.

Similar rcsull$ have now been seen in prclimirswy cxpcnmcnts

on PSD of Li from LiF. Fi~urc 10 chows a spectrum of
excited.state neutral lithium dcsorption in a PSD cxpcnmcnt with
while light on LiF, The ground-state Li” peak is cxpcctcd, as is
the bulk luminescence continuum. But the s~ctrum also shows
Iwo hydrogen lines, indicating that H atoms in the n=2 and n=3
slates are also being desorbcd with the excited lithium. (It is
wcmhy of note that at low photonmsdelectron energies, adsorbed
hydrogen desorbs in several excited slates, while only the first
excited stale of the alkali metals hasever been observed.) Similar
resultshave beersseen in ESD experiments in which comparative
yields from different alkali halides were measured, Although
syslcrnaticmcasurcmcntsof theseeffects are slill in the beginning
stages, h appcam that the relative loss of substrate, vis a vis the
overlayer, malcrial depends both on the details of the ovcdaycr
and on the composition of the substralc,

111*11, ,,, ,J
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Figure 10. Fluorescence yield from PSD of LiF as a function of
spectrometer wavelength. The excited states of H and Li atoms
are Uer.jwd.

Further measurements arc expected to provide clues as to the
cxac! role of this “prolcctivc overlay et’ in binding substrate
material and preventing surface bond-breaking. More detailed
understanding of this physical and chemical properties of the
ovcrlayer may have fas-svac!singimplications for solutions to the

%s’
roblcm of damage in ultraviolet and X-ray optical materials,

IS will be a particularly felicitous development if it should
prove possible to change the electronic properties of the
ovcrlaycr-subsbate system witiout affczting the optical properties
to any significant degree.

Desorp[ion, Surface Modification and Damage

The key to a fundamental understandingof [he ways in which
ultraviolet and X-ray photons modify or damage surfaces is to
find the links bctwccn the microscopic (atomic scale) resorption
of individual atoms or molecules from the material, on the one
hand, and the macroscopic erosion and large-scale modification,
on the other. This requires an understanding both of the detailed
mechanisms of dcsorplion and of the surface and bulk properties
of particular ma!cnak., The key questionsrcvoivc about the ways
in which incident photon energy is absorbed, localized and
redistributed through coupling to phonon modes, electronic
excitation and particle dcsorption. Hence, in contrast to thermal

dcsorption processes -- which depend only on the bulk
thermodynamic properties of the optical matclial -. any SCnOUS

investigation of photon-stimulated materials modification mu., t
concern ilsclf w]lh the detailed optical properties of tna!crials,
such as band stnrctum. At this point, it is useful to review the
general features of electronically stimulated desorptior!, couple

ibis picturt to detailed excitation mechanisms in the alkall halides,

and then consider the macroscopic consequences Ior photon-
irrssdiatcdsurfaces,

Electronically Stimultsted Dcsw-p[icm of Nculrnl Atoms

DIET processes occur when low.energy photons, electrons,
ions or neutral atoms Mcract with atoms in the surface and ncar-
surfacc layers of non-conducting materials, 11is crmvcnicn[ to
characterize such processes as consisting of three n{ages,
illustrated nchcrnatically in Figure 11, During the excitation
phase, energy from an incoming particle or photon is deposited
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Figure 1 I. ilhutration 0$ the dwce phases oj a DIET process:
(left to riglu) cxcilalion mui localization, ejection and inierac!iorr.

and absorbed via an electronic excitation mechanism. generally
the creation of electron-hole pairs, and localized for a time on the
order of 10”12to 10”13s. In thGsecond, or ejection, slagc, the
trapfxd incirlcnt energy leaves one or more atoms or molecules in
a stale which has a net kinetic energy with respect to its
neighbors, resulting in movement of the desorbing particle away
from its neighbcm in the lattice. During the interaction phase,
as the particle is is in the process of moving away from the

surface, it may also undergo other particle-surface electronic
“ntcractions,such as charge exchange.

A Model for Defect.Induced Resorption in Dielectrics

Onr of the key questions in understanding DIET processesis
lhc idcn[ificalion of specific electronic mechanisms responsible
for absorption and localization of energy, The PSD expcnmcnts
dcscribcd above show that clczwcmicallystimulated dcscrrptionof
groumf-sralc neutral alkali a(oms from alkali halide crystal

surfaces cxhibi[s P variety of features consistent with [hermal
dcsorp[ion at a tc [Iperature equal to the surface tcmpcnslurc: a
Maxwellian dist ‘)ulion of velocities, a yield vs. bombarding
energy characteristic which slrows rc}atively few structural
features at the known locations of alkali core-hole excitation
cncrgics; and a time dependence suggestive of diffusive or
Ihcrmally-activalcd movement of defects to the surface.
Diffe!cnces between ground-sta!c ESD and PSD yields do no!
ap~ur to be significant; those differences that exist probably
reflect, as much as anything, either the contrasting cncr~y -
dcposilion profiles or the fact [hat ESD tends to he a onc-slcp
process where PSD can have multi-step effects, including the
production of secondary electrons which thcmsclvcs arc capable
of cf(ccting ESD,10

On the other hand, allhou~h the cvidcncc is not asdclailcd as
Ihc rcsulls cilcd here for the alkalis, it has been shown thal
halogens desorbcd from alkali halides under Iow=cncrgy electron
bombardment have supra[hcrmal cncrgics and arc emitted in
prefcrcnlial dircctiom along the halogen “strings” in the crystal.lJ
This sugges(sthat the formation and relaxation of VACCntCW, as
originally proposed almost simultaneously by Poolcy and by
Ilcrsh,’b is a Iikcly mechanism for the ejection of the halogens
from the surface and near.surface Iaycrsof thc bulk.

The Pooiey-llcrsh mocfcl involves a specific electronic
excitation Icading to preferential and cncrgclic cjcclion of
b“~logcnsalong the <110> directions, and is shown schematically
in Figure 12. The initial stfigc Iscalizcs the incident electronic
energy through the creation of a self-trapped cxciton. The
transicnl dihalidc molecular ion, formed by the overlap of the
cxcilcd and a neighboring (normal) halogen ;on, relaxes to form
H.ccntcrs (singly-ionized dihislidcions on hislogcnvacancies)and
F-ccntcrs. If formed sufficiently near the surface, tl-F-ccntcr
puirs -- which arc cxtrcmcly stable -- can diffuse to the wface,

where a halogen atom is cjcctcd prcfcrcntially along the halogen
string directions, I=ving behind an F center and a defect (halogen
interstitial). The F celitcr provides the electron needed for
ncutsalization of the now under- coordinated alkali ion, which
then dcsorbs Ihcrmally from the surface. Thus, the Poolcy -
Hcrsh picture provides a plausible mechanism for the generation
of neutral alkalis to undergo thermal dcsorp!ion. Moreover,
bccausc the Poolcy-Hersch mechanism is a simple one-step
process -- involving initially only the formation of an cxci[on --
-thecrcat.ionof neutral alkalis can occur relatively efficiently. In
contrast, the Knotek-Fcibclman mechanism for creating
dcsorbing ions in maximal-valcncy covalent solids involves a
multi-step inter-atornic Auger decay which is significantly ICSS
protrablc (in the sense of perturbation theory) than an cxcitonic
event. This explains, wc bclicvc, the relatively high cfficicncics
for the production of neutral ground- and cxci(cd-state atoms
compared to ionic spccicain DUST from alkali halides.

Figure 12. Schematic of the Poolcy.}{ersh defect-induced
cicsorption rndwnism.

$&fp)

8Oeoe Q049
6@@)o@o

,e -

lRRADIAl”ION
ANI) EXCITON

F~NMA’I”j(.)N

~()~hfA”l’l()N’
()*. DII{ALI1)I;

“o



NO such simple picture rsppcars possible for excited-state
alkali dcsorption, however. For one thing, the time-resolved
mcasurcmcnts of PSD for excited-stale neutrals shows that the
yield Of these species drops to background level within 1 ns of
(he turn-off time of the ultraviolet photon beam. Moreover, the
fact that .cacilcd-state neutral yields arc typically two to three
orders of magnitude Iargcr than the ion yields indicales that the
mechanism operative in this case must also be relatively simple
compared to the Knotck-Feibclrnan picture, but significantly less
eff’icicnt than the Poolcy-Hcrsh type of defect-induced
dcsorp[ion. Finally, thcrcis thcfact that only the first excited
state of alkalis dcsorbcd from alkali halides has ever been
observed -- in contrast tothc cascof hydrogen, forcxample,
where three or four cxci[cd stales arc mutincly obscrd in ESD
and PSDcx~rimcnls.

It is wor[hwhilc topoint outcxplicitly tiatthcscprwcssec

canoccur in bolhcrystallinc andinamorphous matcrials--cvcn

though, for the sake of simplicity, all of the cxpenmcntal studies
camicd out to da[c have used crystalline samples. The kcy
fcalurcs of PSD -- namely, the ability to absorb and localize
incidcn[ electronic energy in a way which aIIows redistribution of
that energy into dcsorp[ion channels -- arises from the strongly
localized electronic charge density in dielectric materials. That
charge localization occurs in a random way in amorphous
materials, so tha[ it is difficul[ to predict where (spatially) the
defect prcrduc[ion will occur. However, the mechanisril will
operate in much the same way, perhaps with slightly lessened
efficiency.

Surface hlrxlificrdion ssnd Damage Induced
by Ultraviolcl Pholsm Bombardment

From these and related ESD cxpcrimenls, a piclurc is
emerging which clearly dcmons~a[cs that electronic mechanisms
play a Icading role bo[h in microscopic resorption processesand
in macroscopic erosion and surfacedamage in optical materials of
intercs[ in the ultraviotct region of the spectrum. Bearing kr mind
sheinfluence of surface composition on electronically stimulated
resorption dynamics (and the converse!), as WCII as tt,c model
for dcfcc[-induced desorp[ion supported by the experimental
measurements, it is now possible to consider a credible
explanation of surface modification and damage by ultraviolet
photon imadiation. In this discussion, it is important to bear in
mind that, while the study of color-ccntcr formation in bulk
materials has been a subject of intenses[udy for many years, this
work -- asWCII as its [ransla~ioninto the !ore of the uv and X-ray
nplics commurrity -- has not until now recognized the crucial role
pl~ycrf by surfaces and in!crfaces. It is precisely this feature of
rca; in[crfaces which our model seeksto incorporateexplicitly.

~l~urc )3. Scl/cntatic o~an clcctrrmic mo&lfor ph.mn.induced
sllrfucc damugc h,ill~ Ihcrmul conrcqucnccs irr ltle cuta!trophir
plum,

Using the alkali hiilldc~ a~ a model material, and consldcr:np
the effects of the surface ovcrlaycr which exists on any surface in
a physically malizablc cnvirwrmcn~ wc can construct a model of
susfaccdamage which takes accountof

- the Operative cleclxcmic excitation mechanism;

-- the spmific clec~orric propcties of the material; and

-- the role of ovcrlayers and ovcrlaycr-substrate imcrfaces.

We assume that the Pooley-H&sh mechanism is operative in the
substrate, and that the ovcrlaycr exhibits photon-stirnulatcd
erosion at a mtc significantly less than that of the substrate. The
model is indicated schematically in Figure 13.

In the precursor phase (at Icft), electronically induced
dcwpr.ion has not begun to take place in significant amount.., but
color ccnl-r formation begins in the bulk, wilh the rxi resull that
halogen ions and atoms are moved to interstitial sitct and the
alkalis accordingly begin to move from their initiai positions,
driven by the F-center diffusion mechanism. Defects produced in
the substrate bulk will bc gettcrcd at the nearest intcrfacc, which
may either be between substrate and contaminant o!crlayer,
between subs~ate and any coatings which have been deliberately
applied, or between layers of multilayer films. This leads [o the
evolution of metal-rich mtcrlaycrs at the boundaries between
different materials. Particulady in optical matcnals coated with
muhilaycr dielectric fdms, this developmentof metallic intcrlaycm
is portentous.

At some point (Figure 13, middle), there will be significant
overlayer erosion, either because the photon intensity has
machd very high Ievcls or because the total integrated dose has
produced a large number of dcsorption events in the ovcrla.vcr.
(The relationship between deso~tion and total dose, and between
dcsorption yields and intensity, M not known and is prcsc~~l~ the
subject of active investigation in a number of laboratories. ) At
this poin[, the creation of additional substratedefects cccurs with
progressively increasing efficiency due to the formation of
electron-hole pairs in the near-surface bulk and their
diffusively-driven migration to the thinnest part of the overlayer.
The prccisc location of these breachesor gaps in the contaminant
overlayer will be determined by a number of statistically-
distributed events, including: (1) the migtirtion of defects in the
surface ovcrlaycr i[sclf; (2) surface rcarrangcmcnts and
reconswuctions caused by the dcsorption of ovcrlaycr atoms and
molecules; (3) the migration of alkalis and halogens into the
overlayer through defect production in the near-surface bulk of
the substrate. Hence, the nucleation sitesfor catastrophic damage
may not occur where small-signal-induced defect formation tics
place initially.
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When the dcnsily Of mc[allic amms in the ~,~i~O, br~chcs in
ihc contaminant ovcrlaycr is sufficicn!!y h(gh, one cnlcrs the
ctsloslrophic dnrrragc phase of suiiacc modification (Figure
13, righl), AI lhi~ point, both cicc[rcsnicmndthcmlal muhanisms
can kcome im~tlant. First Of ●ll, M sufficiently high surface
clcc[ric-field dcnsi[ics, it is possible [o excite electrons dircc[ly
inlo [hc conduction band CVCnwith low-energy photons,so lhal a
surl’acc plasma can be formed. Electrons sccelcramd by the
clcc[ric (icld Of [he incidcn[ pho[ons can easily cc.achenergies
rCqL’irCd for efficient ESD to occur. Ions can, ind~, be
isccclcramdto energies nc~cd for sputtering - a pr~ss which
can under many circumstances occur with greater than unit
efficiency. Also, simple [hcrmal absorption by the metals will
prafucc [hcrmal cra[cring and ab:ation in the manner only tcm
fimiliar 10 the bui]dcrs of high-energy, high-power infrared
Iascrs for many years, And, while we have not mentioned
surface chemistiy explicitly, one should rsoIoverlook the fact that
Ihc prcscncc of rcactivc spccics such as oxygen and hydrogen in
[he con[aminanl ovcrlaycr and near the surface (fm malcrials
Iocii[ed in air) will also change the electronic and chemical
behavior of the ovcrlaycr and exposed substraternwcrials.

Thus it is possible, starling with isolakd dcsorption cvcnss
produced by electronic cxci[ations, to arrive at [he stage of
catastrophic surface erosion and damage where collective, even
syncrgis[ic, cffccls become dominanl. Moreover, bccausc the
dc[ailcd study of electronic mechanisms provides the correct
dcscrip!ion of [he c~crgy flow from [he incident pholons, i[ is
also pssiblc to calculistc lhc mtc-limiting fcamrcsof lhcsc surface
modification mechanisms in a testable way. It should also bc
possible, in principle, 10 look for Ihc most likely syncrgis[ic
pa[hways Icading to surface modification.

Allhough our discussion of cxpcrimen[al rcsul[s has thus far
been limited to a s~cific class of materials -- namely, the alkali
halides .- [he material properties which allow [his [y~ of
twhavior can now be cxplici~ly identified and cxltapolations ~dc
10 other dielectric malerials. Efficient pholon-stimulated
dcsorptionoccurs when two conditions arc mc[:

-- Ihc malcriisl in qucs[ion supporLsthe creation of Sdf-tfapfd
cxcilons which relax 10pcrmancn! clcctrcmicdefects and

-- thoseelccmonicdefcc~ arc sufficicnrly mobile to reachthe
surfisccand conmibu[c [o dcsorption cvcms.

lI,CSC condi[icmsarc known [o be fulfilled no[ only by lhc alkali
halides, but also by a g,ca[ many o[hcr materials favored as ulwa.
violc[ and x-ray OP[ical c]cmcnls, including alkaline earth
halides, many mclallic oxides, and fused silica.’n 1[ may bc
objcc[cd, in [he case O( X-ray oplics, thal one is really dealing
wilh multi layer mc[al films; however, under all rcalislic
ccmdilicms, mc[al films arc complc[cly crwcrcd with an oxide
oicrco~l which rcal]y dc[cr-mines[hc surface pro~rtics. Indeed,
it is quilt possible [ha[ [he surface ovcrl?ycr -- of oxides and
whalcver olhcr clcmcnls, such as hydrogrn, tha[ arc readily
bonded 10 [hc sur[acc -- is wha[ really dc[crmincs the oflcn
observed clif[crcnccs bctwccn bulk and surface resistance 10
matcnal modification and damtigc.

Summary and Gsnclusiullf

In summary, then, recent experiments PSD of gromd-smw
neutral alkali deso tion in the alkali halides ●ppear 10 confirm

Tearly infercnces131 9 pointing 10 the formation of self-trapped
excitons followed by thermal dcsorption due to “’halogen
exhaustion” and defect diffusion. The mcasurcrncms prescntul
here have provided more detaild experimental answm to basic
questions about the mechanisms of DH’ processesin insulators
than were hithetio available, though sonw plcntially significant
features -- e.g., identification of the in[cmal states and the
Icmporal behavior of dcsorbing halogens -- remain [Obc studied
carefully. In terms of many practical applications, such as
radiation damage in alkali halideq it has become clear that the
dominant mechanism is ground-stale neutral dcsorption, and that
the cxislcnce of surfaces and interfaces plays a key role, Hence,
the application of optical detection techniques to extract dcmilcd
dynamical lfcrrmatmnon both ‘Uie’dcsorbingalkalis and halogens
will undoubtedly grow in importance in measuring yields,
angular nnd velocity distributions and damage cfficicncics. In
addilion, it is impmtam now [Omove on to ESD/PSD studies of
surfaces with more complex bonding s[ructurcs to illuminate the
role of bond structure on pcimsuydcsorplion characwistics.

In the case of excited-state neutml dcsorptirm, ho~ :vcr, one
can fairly say that the experiments earned out up to the present
time have been largely exploratory. and [hat ,much of the
important dynamical information has yet to be uncovered.
Reliable values for relative excited-state w. ground+~[c neutral
yields remain 10 be extracted, for example, and very Ii[[lc angular
distribution data on the alkalis dcsorbcd from alkali halides is
presently rwailablc. It does not seem possible al this point [o
guess the s~cific form of the dynamical mechanisms Ic-ming 10
cxcitcd-s~tc neutral alkali resorption,

The one certainty is that many intcrcs[ing qucs[ions abou[
surface.specific bond-breaking mechanisms remain to be studied
in these ma[crials. In [hcsc studies, ncutial species desorpion
spectroscopy seems destined to continue in n pivotal role,
providing both the means for studying [hc dcsorplion prcduc[s
and the clues to the mechanisms by which op[ical materials for
tic ullraviolcl and soft X-ray regions arc altered by pho!un.
surface inlcraclions -. whether catastrophically or, perhaps,
&neficially.



A@ Iw\dcdgcnwNs

WC acknowledge wi[h pleasure the contributions of our
colleagues to the experimental and theoretical work presented
here. These include Profs. Marcus Mendenhall and Royal
Albridge of Vandcrbil[ University; Dr. Kenneth Snowdon of the
University of Osnabruck, Federal Republic of Germany; Drs.
Guillcrmo Loubriel, Thomas Green and Peter Richards of the
Stindia National Laboratories; Dr. Ned Stoffel of Bell
Communications Research; and Dr. Richard Rosenberg of the
Synchrotrons Radiation Center, University of Wisconsin-
Madison. Graduate snrdent participants included Douglas
Cherry, Richard Cole, Larry Hudson, Shirley Oyog-Roth and
I’!lillip Savundtsraraj, all from Vanderbilt University, and David
Niles from tht Universi~y of Wisconsin-Madison.

Portions of this work were supported by research contracts
from lhc Los Alamos National Laboratory and the Sandia
National Laboratories.

1.

2.

3.

4.

5.

6.

7.

8,

9.

References

D. Mcnzcl and R. Gomer, J. Chcm. Phys. 41 (1964)
3311.

P. A. Redhead, Can. J. Phys, 42 (1964) 886.

T. E. Madey and J. T. Yates, Jr., Surface Sci. 63, 203
(1977).

M. L. Knotek and P. J. Feibdman, Phys. Rev. Lclt. 40
(1978) 964. Sce also M. L. Knotck, Phys. Today 37 (9),
24 ( 1984).

N. H. Tolk, L. C. Feldman, J. S. Kraus, R. J. Morns,
M, M. Traum and J. C. Tully, Phys. Rev. Lctt, 46 (1981)
134,

N. H, Tolk, M. M. Traum, J, S. Kraus, T, R. Pian, and
W. E. Collins, Phys. Rev. Lxtt. 49 (1982) 812.

N. H. Tolk, R. F, Haglund, Jr., M. H. Mendenhall,
E..Taglauer and N. G. Stoffcl, in: Dcsorp[ion Induced by
Electronic Transitions: DIET II, eds. W. Brcnig and D.
Menzel (Spr-inger.Vcrlag, Berlin, 1985), p. 152.

D. Cherry, M. Mcndenhall, R. Albridge, R, Cole, R.
Haglund, W. Heiland, L, Hudson, W. Pcatman, }1. Pois,
P. Savundararaj, M. Shea, J. Tcllinghuisen, N, Tolk and
J, Ye, Nucl. Inst.rurn. Mc[h. in Phys. EJescarchB13, 533
4(1986).

N. G. Stoffel, R Ricdcl, E. Colavi[a, G. hfiirgari!ondo,
R, F. l{i+~lund, E. Taglauer and N, H. Tolk., Phys. Rev.
U32 (19S5) 6805.

11’.

11.

12.

13.

14.

15.

16.

17.

18.

19.

R. F. I{aglund, Jr., R. G. Albridgc, D. W. Cherry, R. K.
Cole, M. H. Mcndcnhall. W. C. B. Pcatman, N. H. Tolk,
D. Niles, G. Margaritondo, N. G. Stoffel and E. Taglauer,
Nucl. Instrum. Meti, in Phys. Research B 13, 525
(1986).

T. A. Green, G. M. Loubricl, P. A. Richards, N. H. Tolk
and R. F. Haglund, Jr., submitted to Phys. Rev. B.

G. M. Loubnel, T. A. Green, P. M. Richards, R. G.
Albndgc, D. W. Cherry, R. K. Cole, R. F. Haglund, Jr.,
L. T. Hudson, M. H. Mendcnhall, P. M. Savundararaj,
K. J. Snowdon, N. H. Tclk and D. M. Newns, submitted
to Phys. Rev. La.

P. f). Townsend, R. Browning, D. J. Gadant, J. C.
Kelly, A. Mah”oobi, A. M. Michael and M. Saidoh,

hRadiat. Effects 0976) 55.

A. Schmid, P. Braunlich and P. K. Rol, Phys. Rev. Lct[.
3S (1975) 1382. See also N. L. Boling, P. Braunlich, A.
Schrnid and P. Kelly, Appl. Phys. Mt. 27 (1975) 191.

N. H. Tolk, P. Bucksbaum, N. Gcrshenfcld, J. S. Kraus,
R. J. Morris, D. E. Mumick, J. C. Tully, R. R. Danicls,
G, hfargari[ondo and N. G. Stoffcl, Nucl. lnstrum. Meth.
in
Phys, Res, B2, 457 (1984).

D. PooIcy, l%oc. Phys. Sot. London 87, 245 (1966), and
H. N. Hersh, Phys. Rev. 148, 928 (1966).

J. E. Rothcnberg and R. Kelly, Nucl. Instrum. Mcth. in
Phys. Research Ml, 291 (1984).

N. I[oh and T. Nakayama, Nucl. lnst.rum. Meth. in Phys.
Rcs, B13 (1986) 487.

H. Overcijnder, M. Szymonski, A. Haring and A. E.
dcVries, Radiat, Effects 36 (1978) 63.


